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An important and long-standing puzzle in the history of modern physics is the gross inconsistency
between theoretical expectations and cosmological observations of the vacuum energy density, by at
least 60 orders of magnitude, otherwise known as the cosmological constant problem. A characteristic
feature of vacuum energy is that it has a pressure with the same amplitude, but opposite sign to its
energy density, while all the precision tests of General Relativity are either in vacuum, or for media
with negligible pressure. Therefore, one may wonder whether an anomalous coupling to pressure
might be responsible for decoupling vacuum from gravity. We test this possibility in the context of
the Gravitational Aether proposal, using current cosmological observations, which probe the gravity
of relativistic pressure in the radiation era. Interestingly, we find that the best fit for anomalous
pressure coupling is about half-way between General Relativity (GR), and Gravitational Aether
(GA), if we include Planck together with WMAP and BICEP2 polarization cosmic microwave
background (CMB) observations. Taken at face value, this data combination excludes both GR and
GA at around the 3σ level. However, including higher resolution CMB observations (“highL”) or
baryonic acoustic oscillations (BAO) pushes the best fit closer to GR, excluding the Gravitational
Aether solution to the cosmological constant problem at the 4–5σ level. This constraint effectively
places a limit on the anomalous coupling to pressure in the parametrized post-Newtonian (PPN)
expansion, ζ4 = 0.105± 0.049 (+highL CMB), or ζ4 = 0.066± 0.039 (+BAO). These represent the
most precise measurement of this parameter to date, indicating a mild tension with GR (for ΛCDM
including tensors, with ζ4 = 0), and also among different data sets.
I. INTRODUCTION
One of the most immediate puzzles of quantum gravity
(i.e., applying the rules of quantum mechanics to gravi-
tational physics) is an expectation value for the vacuum
energy that is 60–120 orders of magnitude larger than
its measured value from cosmological (gravitational) ob-
servations. This is known as the (now old) cosmological
constant problem [1], and has been thwarting our under-
standing of modern physics for almost a century [2]. The
discovery of late-time cosmic acceleration [3, 4], added
an extra layer of complexity to the puzzle, showing that
the (gravitational) vacuum energy, albeit tiny, is non-
vanishing (now dubbed, the new cosmological constant
problem).
Gravitational Aether (GA) theory is an attempt to find
a solution to the old cosmological constant problem [5, 6],
i.e., the question of why, in lieu of fantastic cancella-
tions, the vacuum quantum fluctuations do not appear
to source gravity. The approach is to stop the quan-
tum vacuum from gravitating by modifying our theory
of gravity, as we describe below. In this way the (mean
density of ) quantum fluctuations will have no dynami-
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cal effect in astrophysics or cosmology (see [7] for one of
the very first steps and [8] for an alternative but related
attempt for solving the problem).
Although GA is a very specific proposal for modifying
gravity, it may serve as an example of more general the-
ories. As we will see below, a generalized version may
represent a broader class of theories in which the grav-
itational effects of pressure (and including anisotropic
stress) might be different from those of GR.
It is important to be clear that this theory does not
have any solution for the “new” cosmological constant
problem, i.e., the empirical existence of a small vacuum
energy density which now dominates the energy budget
of the Universe, driving the accelerated expansion and
making the geometry of space close to flat. Hence in GA
theory it is assumed that the vacuum quantum fluctua-
tions (the old problem) and the small but non-zero value
of Λ (the new problem) are two separate phenomena that
should be explained independently (but see [9]).
The Einstein field equations in the GA theory (in units
with c = 1, and with metric signature=(–+++)) are
modified to
(8piGR)
−1(Gµν + Λgµν) = Tµν − 1
4
Tαα gµν + T
′
µν , (1)
with T ′µν = p
′(u′µu
′
ν + gµν). (2)
Most significantly, the second term on the right hand side
of Eq. 1, − 14Tαα gµν , solves the old cosmological constant
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2problem by cancelling the effect of vacuum fluctuations
in the energy momentum tensor. The third term, T ′µν , is
then needed to make the field equations consistent, and
is dubbed gravitational aether.
The form used for T ′µν in Eq. 2 is a convenient choice,
but is probably not unique, although it is limited by phe-
nomenological and stability constraints [5]. However, p′
and u′µ, the pressure and four velocity unit vector of the
aether, are constrained through the terms in the energy-
momentum tensor by applying the Bianchi identity and
the assumption of energy-momentum conservation, i.e.,
∇µT ′µν =
1
4
∇νT. (3)
The only free constant of this theory, as in General
Relativity (GR), is GR, although, as we will see, this is
not the same as the usual Newtonian gravitational con-
stant, GN. In addition, of course, there are parameters
describing the constituents in the various tensors, i.e.,
the cosmological parameters. In cosmology, the energy-
momentum tensor, Tµν , consists of the conventional flu-
ids, i.e., radiation, baryons, and cold dark matter, plus a
contribution due to vacuum fluctuations,
Tµν = T
R
µν + T
B
µν + T
C
µν + ρvacgµν , (4)
T ≡ Tαα = −(ρB + ρC) + 4 ρvac, (5)
where neutrinos are included as part of radiation, and
their mass is set to zero in this paper.
Equations 1 and 2 that describe GA are drastic mod-
ifications of GR with no additional tunable parameter.
Therefore, one may wonder whether GA can survive all
the precision tests of gravity that have already been car-
ried out. These tests are often expressed in terms of
the parameterized post-Newtonian (PPN) modifications
of GR, which are expressed in terms of 10 dimensionless
PPN parameters [10]. While these parameters do not
capture all possible modifications of GR, they are usu-
ally sufficient to capture leading corrections to GR pre-
dictions in the post-Newtonian regime (i.e., nearly flat
space-time with non-relativistic motions), in lieu of new
scales in the gravitational theory. It turns out that only
one PPN parameter, ζ4, which quantifies the anomalous
coupling of gravity to pressure has not been significantly
constrained empirically, as the existing precision tests
only probe gravity in vacuum, or for objects with negligi-
ble pressure. Indeed, since only the sourcing of gravity is
modified in GA, the vacuum gravity content is identical
to GR, and the only PPN parameter that deviates from
GR is ζ4 = 1/3 (as opposed to ζ4 = 0 in GR) [5, 6].
The idea that ζ4 could be non-zero runs contrary to the
conventional wisdom that relates gravitational coupling
to pressure on the one hand, to the couplings to internal
and kinetic energies on the other [11], both of which are
already significantly constrained by experiments. How-
ever, this expectation is based on the assumption that
the average gravity of a gas of interacting point parti-
cles, is the same as the gravity of a perfect fluid that
is obtained by coarse-graining the particle gas 1. This
connects with the whole issue of the assumption of the
continuum approximation for cosmological fluids, where
the particle density is low, so that the average distance
between particles is a macroscopic scale. Gravity is only
well-tested on scales & 0.1 mm [12], which are larger than
the distance between particles in most terrestrial or as-
trophysical precision tests of gravity. Therefore, there is
no guarantee that the same laws of gravity apply to mi-
croscopic constituents of the continuous media in which
gravity is currently tested. Indeed, GA could only be
an effective theory of gravity above some scale λc . 0.1
mm, implying that sources of energy-momentum on the
right hand sides of Eqs. 1 or 3 should be coarse-grained
on scale λc.
At first sight, it might appear that the dependence of
gravitational coupling on pressure signals a violation of
weak and/or strong equivalence principles (WEP and/or
SEP). However, WEP is explicitly imposed in GA, as all
matter components couple to the same metric. Moreover,
SEP is so far only tested for gravity in vacuum (e.g. point
masses in the solar system), where GA is equivalent to
GR, as aether is not sourced, and thus vanishes (in lieu
of non-trivial boundary conditions; see e.g. [9]).
What goes against one’s intuition in the case of the GA
modification of Einstein gravity, compared to e.g. scalar-
tensor theories, is that even in the Newtonian limit, com-
parable effects come from the change in couplings and
the gravity of the energy/momentum of the aether. In
contrast, the additional fields in the usual modified grav-
ity theories carry little energy/momentum in the Newto-
nian regime, while they could modify couplings by order
unity. If the change in the gravitational mass (due to
the dependence of G on the equation of state) is by the
same factor as the change in energy/momentum (due to
the additional terms on the RHS of Einstein equations),
then the ratio of gravitational to inertial mass remains
unchanged.
A more intuitive picture might be to consider aether
(minus the trace term) as an exotic fluid bound to matter,
similar to an electron gas for example, within ordinary
GR. Like the electron gas, the effect will be to mod-
ify the gravitational field source, by the amount of en-
ergy/momentum in the exotic fluid. However, unlike the
electron gas, the non-gravitational energy/momentum
exchange between matter and the exotic fluid is tuned
to zero, which ensures WEP, at least at the classical
level. Moreover, the action-reaction principle (Newton’s
3rd law) for gravitational forces should include the mo-
mentum in, and interaction with the exotic fluid.
Another conceptual issue with Eqs 1–2 is that, at least
to our knowledge, they do not follow from an action prin-
1 This would not be the case in the GA theory, since the aether
tracks the motion of individual particles, due to the constraint
of Eq. 3. Therefore, the nonlinear back-reaction of the motion of
the aether would be lost in the coarse-grained perfect fluid.
3ciple. However, an action principle may not be necessary
(or even possible) for a low energy effective theory, such
as in the case of Navier-Stokes fluid equations, even if
the fundamental theory does follow from an action prin-
ciple. Given the severity of the cosmological constant
problem, it seems reasonable that we might be prepared
to relax requirements that are not absolutely necessary
for a sensible effective description of nature.
There are two obvious places in the Universe to look
for the gravitational effect of relativistic pressure, and
thus constrain ζ4:
1. The first situation involves compact objects, par-
ticularly the internal structure of neutron stars
[13, 14]. While, in principle, mass and radius mea-
surements of neutron stars can be used to constrain
ζ4, at the moment the constraints are almost com-
pletely degenerate with the uncertainty in the nu-
clear equation of state (not to mention other ob-
servational systematics). However, future observa-
tions of gravitational wave emission from neutron
star mergers (e.g., with Advanced LIGO interfer-
ometers) might be able to break this degeneracy
[14]. It may also be possible to develop tests that
probe near the hot accretion disks of black holes or
during the formation of compact objects in super-
nova explosions.
2. The second situation is the matter-radiation tran-
sition in the early Universe. Ref. [15] studied con-
straints arising from the big bang nucleosynthe-
sis epoch. However, more precise measurements
come from various cosmic microwave background
(CMB) anisotropy experiments, such as the Wilkin-
son Microwave Anisotropy Probe (WMAP) [16],
Planck [17], the Atacama Cosmology Telescope
(ACT) [18], and the South Pole Telescope (SPT)
[19], amongst other cosmological observations. The
constraints on GA were studied in detail in Ref. [6],
with the data sets available at that time. While GA
might arguably ease tension among certain observa-
tions, such as the Ly-α forest, primordial Lithium
abundance, or earlier ACT data, it was discrepant
with others, such as Deuterium abundance, SPT
data, or low-redshift measurements of cosmic ge-
ometry. The aim of this paper is to carefully revisit
these tensions in observational cosmology, in light
of the significant advances within the past three
years.
With this introduction, in Sec. II, we move on to de-
rive the equations for the cosmological background, as
well as linear perturbations, in the GA theory. Similar
to Ref. [6], we use the Generalized Gravitational Aether
(GGA) framework, which interpolates between GR and
GA, to quantify the observational constraints. This
framework depends on the ratio of the gravitational con-
stant in the radiation and matter eras, GR/GN = 1 + ζ4,
which is 1 + 13 =
4
3 (1 + 0 = 1) for GA (GR). Sec. III dis-
cusses our numerical implementation of the GGA equa-
tions, and the resulting constraints from different com-
binations of cosmological data sets, some of which ap-
pear to exclude GA at the 4–5σ level, while others are
equally (in)consistent with GR or GA at about the 3σ
level. Finally, Sec. V summarizes our results, discusses
various open questions, and highlights avenues for future
inquiry.
II. EQUATIONS OF MOTION AT THE
BACKGROUND AND PERTURBATIVE LEVEL
Baryons, radiation, and cold dark matter can be con-
sidered as perfect fluids with simple equations of state,
p = wρ, at the background level. The following p′ and u′
will solve Eqs. 1–3 in this case:
p′ =
∑
i
(1 + wi)(3wi − 1)
4
ρi; (6)
u′µ =
∑
i
(1 + wi)(1− 3wi)
2
uiµ. (7)
Here, “i” stands for either baryons, radiation, cold dark
matter, or vacuum fluctuations. Based on Eqs. 6 and 7,
p′ = −(ρB + ρC)/4, and u′µ = uCµ at the background
level. Substituting these relations back into Eq. 1, the
field equations will take the following form in terms of
the conventional fluids in Tµν :
(8pi)−1(Gµν + Λgµν) = GR TRµν +
3
4
GR (T
B
µν + T
C
µν). (8)
One of the clearest testable predictions of this the-
ory is that space-time reacts differently to matter and
to radiation: a spherical ball full of relativistic mat-
ter curves the space-time more than a spherical ball of
non-relativistic substance (of the same size and density).
Defining GR ≡ 4GN/3, where GN is the usual Newto-
nian gravitational constant, and using the FRW metric,
ds2 = a2(−dτ2 + dx2), the Friedmann equation in the
GA theory will be:
H2 = 8piGNa
2
3
(ρ+
1
3
ρR) , ρ = ρR +ρB +ρC +ρΛ. (9)
H is defined as a˙/a here, and a dot represents a derivative
with respect to the conformal time, τ .
The Friedmann equation can be used to calculate the
predictions of the theory for big bang nucleosynthesis
(BBN) (see e.g., Ref. [6]). Although the different ef-
fective value of G in the early Universe means that the
BBN predictions are different from the standard model,
uncertainties in the consistency of the light element abun-
dances suggest that the comparison with data cannot be
considered as fatal for the theory. Therefore, one needs
to go one step further and calculate the first-order pertur-
bations to determine the predictions for observables such
as the CMB anisotropies, or the matter power spectrum.
4Before dealing with the perturbations, it is worth
noticing that the GA theory can be treated as a spe-
cial case of a more general framework. We shall call this
the Generalized Gravitational Aether (GGA), which has
the following field equations:
(8pi)−1(Gµν + Λgµν) = GRTµν −GRNTαα gµν + 4GRNT ′µν .
(10)
Here GRN ≡ GR − GN = ζ4GN is the difference in grav-
itational constants between radiation and matter. GR
and GN are both free constants and one will recover the
gravitational aether by setting GR = 4GN/3. General
relativity is also a special case of GGA, with GRN = 0.
The Friedmann equation in GGA will be:
H2 = 8pia
2
3
(GN ρ+GRN ρ
R). (11)
Using GGA as a framework, we then have a family of
models, parameterized by ζ4, with ζ4 = 0 corresponding
to GR and ζ4 = 1/3 being GA.
It is fairly straightforward to calculate the perturba-
tion equations in the general (GGA) framework, which
will then contain GA and GR as special cases. We will
use the cold dark matter gauge (see e.g., Ref. [20]) with
the following metric for the first order perturbations:
ds2 = a2(τ)
[−dτ2 + (δij + hij)dxidxj] ;
hij =
∫
d3kei
~k.~x
[
kˆikˆjh(~k, τ) +
(
kˆikˆj − 1
3
δij
)
6η(~k, τ)
]
;
~k = kkˆ. (12)
We will also use the following definitions for the pertur-
bation parts of the energy momentum tensor:
δT 00 = −δρ; (13)
δT 0i = (ρ¯+ p¯)Vi; (14)
δT ii = 3 δp; (15)
DijδT ij = (ρ¯+ p¯)Σ. (16)
The barred variables refer to background quantities and
Dij is defined as kˆikˆj − 1
3
δij . Once again, the fluids in
Tµν are baryons, cold dark matter, radiation, and vacuum
quantum fluctuations. We will follow the conventions of
Ref. [6] and define the perturbations in the aether density
and four velocity as
δp′ = p′ −
(
−ρ
M
4
)
, δu′µ = u
′
µ − uCµ . (17)
Here ρM is the total matter density, i.e., baryons plus
cold dark matter, and the quantities ρM and uCµ consist
of both their background and perturbation parts. Using
the above definitions and the metric defined in Eq. 12,
we obtain four equations of motion from the GGA field
equations:
k2η − 1
2
H h˙ = −4piGN a2δρ+ k2A(k, τ); (18)
kη˙ = 4piGN a
2(ρ¯+ p¯)V + k2B(k, τ); (19)
h¨+ 2H h˙− 2 k2 η = −24piGN a2(δP ) + k2 C(k, τ);(20)
h¨+ 6η¨ + 2H (h˙+ 6η˙)− 2 k2η = −24piGN a2(ρ¯+ p¯)Σ
+k2D(k, τ). (21)
The four functions, {A,B,C,D}, are
A(k, τ) =
−4piGRN a2 δρR
k2
, (22)
B(k, τ) =
4piGRN a
2 (i kiδT 0i − ρ¯M ω)
k3
, (23)
C(k, τ) =
−8piGRN a2(δρR + 12 δp′)
k2
, (24)
D(k, τ) =
−24piGRN a2DijδTRij
k2
. (25)
Here ω is defined as the divergence of the aether four
velocity perturbation: ω ≡ ikiδu′i/a. One can equally
use Eqs. 18 to 21, or use Eq. 3 to derive the following
two constraints for the aether parameters:
3
H
a
∂τ (aω) + k
2 ω = k2
ρ¯B0
ρ¯M0
θB; (26)
δp′ =
ρ¯M
12H (ω −
ρ¯B0
ρ¯M0
θB). (27)
Here ρ¯B0 and ρ¯
M
0 are the current background density in
baryons and matter, respectively, and θB is the diver-
gence of the baryon velocity perturbation: θ ≡ iki V Bi .
At very early times, when k  H, one can ignore the
right hand side of Eq. 26, together with the k2 ω fac-
tor on the left hand side. The initial condition for the
divergence should therefore be deduced from
ω˙ +Hω = 0 . (28)
Any non-zero initial condition on ω will be damped as
a−1, and it is therefore reasonable to assume the initial
condition ω = 0 at all scales. It is also interesting to no-
tice that, since we are using the cold dark matter gauge,
ω will once again be washed out for very large scales,
k  H, at late times when baryons fall into the potential
well of the cold dark matter particles and start co-moving
with them.
The physical meaning of the four modifying terms,
{A,B,C,D}, is explained in Ref. [21] for an even more
general theory. In short, the second term and the time
derivative of the first term will act as driving forces for
matter overdensities, while the second term and the time
derivative of the fourth term are important in the inte-
grated Sachs-Wolf (ISW) [22] effect.
We will confront the GGA theory with cosmological
observations in the next section.
5III. COSMOLOGICAL CONSTRAINTS ON GGA
We have modified the cosmological codes CAMB [23] and
CosmoMC [24] in order to test the predictions of GGA
against cosmological data. Before confronting the theory
with data, it is necessary to make sure that the codes
are internally consistent and error-free. We will list a
number of consistency checks we have made on CAMB in
the next subsection, and then report the constraints on
the GGA parameter.
III.1. Consistency checks on CAMB
One of the relatively trivial tests on the modified CAMB
code is that it should reproduce the C`s of the non-
modified code after setting GRN = 0. The next obvious
thing is a test at the background level. The GA theory is
completely degenerate at the background level with a GR
model that has one third more radiation (see Eq. 9). In
the standard picture each light neutrino species adds 0.23
times as much radiation as the photons. Therefore, the
following models should result in exactly the same a(τ)
and H(τ) functions: B1 := {GRN = 1/3GN,Neff = 3.04}2
and B2 := {GR with Neff = 5.54}, where Neff is the ef-
fective number of light neutrinos.
The effect of GGA at the perturbation level is evident
through the four modifying functions {A,B,C,D}. Us-
ing constraint equations such as Eq. 3, one can see that
the functions {C,D} are linear combinations of the first
two functions {A,B} and their time derivatives. There-
fore, the two functions {A,B} are sufficient for tracing
the perturbative effects of GGA. Between the two, A is
purely dependent on radiation at the perturbation level
(see Eq. 22). Looking closer at B in Eq. 23 we see that
k3B =
4
3
piGRN a
2 (3∆ω + 4 ρ¯νθν + 4 ρ¯γθγ) . (29)
Here ∆ω is defined as ( ρ¯B θB − ρ¯M ω), which is propor-
tional to the time derivative of ω, according to Eq. 26,
and is therefore smaller than the radiation terms (see
Fig. 1). θν and θγ are the neutrino and photon first mo-
ments, respectively [20].
Putting this together, we find that the GGA effects
are almost degenerate with extra radiation, even when we
consider perturbations. However, the GGA-Neff degener-
acy does not hold exactly at the perturbation level, since
δργ/δρν and θγ/θν are both time- and scale-dependent,
contrary to the previous case at the background level,
where ρ¯γ/ρ¯ν was a constant number through time and
for every scale.
The final test of the modified CAMB code is at the per-
turbation level when the GA parameter, GRN, is not set
2 Here B is for background, and P will be for perturbations.
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FIG. 1. Effects of non-radiation modifying terms compared
to the effects of radiation, at k = 0.04 Mpc−1 (see Eq. 29).
This shows that the non-radiation terms are smaller by more
than a factor of 20.
to zero and GA is fully effective. Based on the discus-
sion in the preceding paragraphs the code should pro-
duce the same C`s for the following two models: P1 :=
{GRN = 1/3GN,Neff = 3.04, T 40 = (2.7255)4} and P2 :=
{GR withNeff = 4/3×3.04, T 40 = 4/3×(2.7255)4}, when
the non-radiation terms, i.e., terms in ∆ω are ignored.
We use the value of the present CMB temperature, T0,
from Ref. [25]. However, one needs to be careful while
performing this test, since T0 appears in many parts
of the code that are totally irrelevant to gravity (see
Ref. [26] for a related discussion), e.g., the sound speed of
the plasma before last scattering depends on the photon-
to-baryon density ratio and hence on T0. Figs. 2 and 3
show these tests of our calculations for GGA. The right
panel of these figures tests the code at the perturbation
level, while the left panels show the effect of non-radiation
fluids on the CMB anisotropies and matter power spec-
tra. Ignoring the effect of non-radiation fluids, is crucial
in reducing the GA Eqs. 1–3, to Eq.8 at the perturbation
level, and hence the GRN–ζ4 correspondence.
Figure 4 shows the CMB anisotropy power spectrum
predictions from GR and GA (with other GGA models
interpolating between the two). The input parameters of
the left panel are the same for both theories and are taken
from Ref. [27]. We see on the left panel that the posi-
tions of the peaks are consistently shifted towards smaller
scales, i.e., higher `s. This is because the Universe is
younger at recombination in the GA theory, which in turn
is due to having effectively more radiation at the back-
ground level of the GA theory compared to GR. There is
also an enhanced early ISW effect [28] in the GA theory
due the presence of the the two modifying functions, B
and D, as was explained before. This can be understood
more intuitively using the fact that GA is effectively de-
generate at the background and perturbation level with
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FIG. 2. Checking the code at the perturbation level by
comparing the matter power spectra for the models P1 :=
{GRN = 1/3GN,Neff = 3.04, T 40 = (2.7255)4} and P2 :=
{GR withNeff = 4/3 × 3.04, T 40 = 4/3 × (2.7255)4} (left
panel). There is a small difference between the two at around
the first peak. This can be explained by considering the ef-
fects of a non-zero ω (divergence of the aether four-velocity).
The two models completely coincide with each other by set-
ting ∆ω to zero in the P1 model (right panel).
a GR model with one third more radiation. Since the
ISW effect is proportional to e−τ (where τ is the optical
depth), and the time derivative of the metric potentials
(that are non-zero only during the matter radiation tran-
sition and at very late times), then having more radiation
in the Universe will delay the radiation to matter transi-
tion to later times with smaller τ and enhance the ISW
effect.
In order for the GA model to match GR and hence
fit the data, since there is a very good match between
data and GR predictions, one needs to change the matter
to radiation density ratio to get the right position for
the peaks. This can be done by either deducting from
the radiation density, or adding more matter to the GA
model. The first option is highly restricted from the CMB
temperature data [25]. The second option can be done
either through adding baryons or cold dark matter, or
both. Since the density of baryons is constrained through
helium abundance ratio (see e.g. [29]), the only remaining
option is to add cold dark matter to the theory. This is
also limited by the ratio of even to odd peaks in the CMB
power spectra, but is the last resort! The best fit value
for the cold dark matter density in the GA theory, using
CMB data only, is: ΩDMh
2 = 0.147± 0.004.
After fixing the position of the peaks, one needs to get
the right amplitude for the spectra. The relative ampli-
tude of the high-` to low-` multi-poles is highly affected
by the early ISW effect that was explained before and
is evident in the left panel of Fig. 4 by comparing the
ratio of the power of the two curves in ` ∼ 250, and
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FIG. 3. Checking the code at the perturbation level by
comparing the the models P1 := {GRN = 1/3GN,Neff =
3.04, T 40 = (2.7255)
4} and P2 := {GR with Neff = 4/3 ×
3.04, T 40 = 4/3× (2.7255)4} (left panel). The small difference
between the two can be explained by considering the effects of
a non-zero ω. The two models completely coincide with each
other by setting ∆ω to zero in the P1 model (right panel).
` ∼ 2000. This relative mismatch in the amplitude can
be fixed by choosing higher values of the spectral index,
ns. The best fit value of this parameter in the GA theory
is: ns = 1.042± 0.008.
The best-fit predictions of the two theories are com-
pared in the right panel of Fig. 4. We see that the best
fit GA theory predicts less power at high `s compared
to GR. The best-fit predictions of the two theories are
compared with Planck and SPT data in Fig. 5.
III.2. Cosmological constraints
We now turn to deriving precision constraints on GGA
from cosmological observations. We assume that GN is
equal to the Newtonian gravitational constant measured
in Cavendish-type experiments (see e.g.R˜ef. [30]) using
sources with negligible pressure. Then CosmoMC can be
used for sampling GR using different combinations of the
following cosmological data.
1. The first data release of the all-sky CMB tempera-
ture anisotropy power spectrum, measured by the
Planck [31] satellite.3
2. The 9-year (and final) data release of the
WMAP satellite CMB temperature and polariza-
tion anisotropy power spectra, which we denote as
3 http://pla.esac.esa.int/pla/aio/planckProducts.html
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FIG. 4. Comparing general relativity versus gravitational
aether predictions for the CMB power spectrum. The values
of the input parameters for the left panel are taken from the
Planck analysis [27]. The right panel compares the best-fit
predictions of the two theories with all cosmological param-
eters also allowed to vary. GA predicts less power at higher
`s, as one can see from the right panel.
WMAP -9 [16] (with “WP” indicating the large an-
gle polarization data only).
3. Three seasons of high resolution CMB tempera-
ture anisotropy measurements from the ACT ex-
periment [18].
4. 790 deg2 of high resolution CMB temperature
anisotropy measurements from the SPT experiment
[19].
5. Sloan Digital Sky Survey (SDSS) [32] and other
estimates of the BAO length scale [33–35].
6. The first claimed detection of the amplitude of pri-
mordial gravitational waves, based on B-mode po-
larization anisotropy band-powers detected by the
BICEP2 experiment at degree scales [36].
There are two special cases of particular interest, which
are GR = GN (standard General Relativity; ζ4 = 0) and
GR =
4
3 GN (Gravitational Aether theory; ζ4 =
1
3 ). If
the data are consistent with the GR/GN = 4/3 case, or
favour this theory over GR, then that would be evidence
that GA theory provides a better description of the cos-
mological data.
From a broader perspective, any unequal values for
GN and GR would be interesting, because this is a way
of parameterizing general deviations from the matter-
radiation equivalence principle. The MCMC constraints
on GGA, excluding the recent BICEP2 data release, are
summarized in Table I. It is important to allow the
usual cosmological parameters to vary while constrain-
ing GN/GR. This is because there could be (and in-
deed are) degeneracies in the new 7-parameter (or 8-
parameter when the tensor-to-scalar ratio r is included)
space. Some of these degeneracies between the GGA pa-
rameter, GN/GR, and the conventional parameters of cos-
mology are shown in Fig. 6.
In fact, we find that if one omits the BICEP2 data,
then GN/GR = 1 provides a good fit and the cosmologi-
cal parameters hardly shift from their best-fit GR values.
On the other hand, adding BICEP2 data shifts the re-
sults towards GA by about 1σ. This may be pointing to
some tension in data, or a mild inconsistency between GR
and the existing data sets. Of course the most exciting
possibility that any such tension is due to missing physics
rather than systematic effects. Table II shows these con-
straints, while Fig. 7 presents a pictorial comparison of
constraints on GN/GR using different data sets.
IV. DISCUSSION
As we can see in Fig. 7, although GR is generally
preferred over GA, different combinations of data sets
appear to give constraints for the GGA parameter (or
anomalous pressure coupling), which are discrepant by
as much as 2σ. Perhaps most intriguingly, the combi-
nation of Planck temperature anisotropies and polariza-
tion from WMAP-9 and BICEP2 (which represents the
state of the art for CMB anisotropy measurements above
0.1◦), lies about mid-way between the GA and GR pre-
dictions (with a preference for GA, but only at the level
of ∆χ2' 1). Nevertheless, the best fit for GN/GR is
inconsistent with both GA and GR at 2.7 and 2.9σ,
respectively. The latter is a manifestation of the well-
known tension between the Planck upper limit on tensor
modes, and the reported detection by BICEP2 (at least
for standard ΛCDM cosmology with a power-law primor-
dial power spectrum).
Let us now try to qualitatively understand what might
be responsible for the different trends that we observe
when fitting different data sets, as we turn up the GGA
parameter. The first step is to obtain the gross struc-
ture of the CMB CTT` power spectrum peaks by fixing θ,
the ratio of the sound horizon at last scattering, to the
distance to the last-scattering surface. For any value of
GN/GR, this can be done by picking appropriate values
of Ωm and h, which explains the degeneracy directions in
Fig. 7 for these parameters.
The next step is to recognize the effect of free steaming
on the damping tail of the CMB power spectrum. Simi-
lar to the effect of free streaming of additional neutrinos,
boosting the gravitational effect of neutrinos leads to ad-
ditional suppression of power at small scales, or high `,
in the CMB power spectrum,as we can see in Fig. 5. This
can be partially compensated for by increasing the spec-
tral index of the scalar perturbations, leading to a bluer
primordial spectrum. In fact, we see that combinations
of data sets that prefer larger GR (in Tables I–II) prefer
a near scale-invariant power spectrum, ns ' 1 (which is
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FIG. 5. Comparing general relativity (bottom panel) and gravitational aether (top panel) predictions for the CMB power
spectrum with Planck and SPT data sets. Here we plot D` ≡ `(` + 1)C`1/2pi residuals, along with ±1σ error bars, from
Refs. [27] and [19]. While the two theories can both fit the lower-` observations, GR fits the data points significantly better
than GA for ` & 1000, at the > 4σ level.
up from the value ns ' 0.96 in GR+ΛCDM).
Finally, a bluer scalar spectral index tends to suppress
scalar power for ` . 100, which then relaxes the upper
bound on tensors from the Planck temperature power
spectrum. This allows a higher value of r than the limit
(r < 0.11 [27]) found from the temperature anisotropies
in ΛCDM.
Of course, none of these degeneracies are perfect. In
particular, the additional damping due to free-streaming
is much steeper than a power law, which is why even
the best-fit GA model underpredicts CMB power for
` & 1000 in Fig. 5. This is also why adding higher reso-
lution CMB observations (from ACT and SPT), pushes
the best fit away from GA. It is possible that adding
a positive running for the spectral index might be able
to partially cancel the effect, at least for the observable
range of multipoles. However, a significant positive run-
ning would be hard to justify in simple models of infla-
tion, and may also exacerbate the observational tensions
with structure formation on small scales in ΛCDM.
A more stringent constraint on GA (and thus anoma-
lous pressure coupling) comes from the degeneracy with
the Hubble constant, which can also be seen in Fig. 6.
Additional gravitational coupling to pressure, of the sort
required in GA, requires H0 > 80 km s
−1 Mpc−1, which
is larger than even the highest measurements in the cur-
rent literature (see e.g., figure 16 in Ref. [27]). In par-
ticular, BAO geometric constraints place tight bounds of
H0 ' 68–72 km s−1 Mpc−1, which is why the inclusion
of these data substantially cuts off the smaller values
of GN/GR. However, we should note that this infer-
ence is based on a simple cosmological constant model
for dark energy at low redshifts; more complex descrip-
tions of dark energy, as suggested by some recent BAO
[37] or Supernovae Ia [38] studies, could relax these H0
constraints.
9Parameter . . . . . . . . . WMAP-9 WP +Planck WP+Planck+HighL WP+Planck+BAO
Ωbh
2 . . . . . . . . . . . . . 0.0226± 0.0005 0.0227± 0.0005 0.0225± 0.0004 0.0223± 0.0003
ΩDMh
2 . . . . . . . . . . . 0.14± 0.03 0.128± 0.006 0.124± 0.005 0.125± 0.005
100 θ . . . . . . . . . . . . . 1.038± 0.003 1.0421± 0.0008 1.0418± 0.0007 1.0415± 0.0006
τ . . . . . . . . . . . . . . . . 0.088± 0.014 0.097± 0.015 0.096± 0.015 0.090± 0.013
log(1010As) . . . . . . . . 3.10± 0.04 3.11± 0.03 3.10± 0.03 3.10± 0.03
ns . . . . . . . . . . . . . . . 0.979± 0.019 0.987± 0.017 0.975± 0.014 0.970± 0.009
GN/GR . . . . . . . . . . . 0.86± 0.18 0.913± 0.048 0.951± 0.043 0.959± 0.035
TABLE I. Mean likelihood values together with the 68% confidence intervals for the usual six cosmological parameters (see
Ref. [27]), together with the GGA parameter GN/GR. “WP” refers to WMAP-9 polarization, which has been used to constrain
the optical depth, τ . “HighL” refers to the higher multipole data sets, ACT and SPT. The PPN parameter, ζ4 can be obtained
through ζ4 = GR/GN − 1.
Parameter . . . . . . . . . WP+Planck+BICEP2 WP+Planck+HighL+BICEP2 WP+Planck+BAO+BICEP
Ωbh
2 . . . . . . . . . . . . . 0.0229± 0.0005 0.0228± 0.0004 0.0223± 0.0003
ΩDMh
2 . . . . . . . . . . . 0.132± 0.006 0.128± 0.005 0.127± 0.005
100 θ . . . . . . . . . . . . . 1.0425± 0.0008 1.0422± 0.0007 1.0416± 0.0006
τ . . . . . . . . . . . . . . . . 0.101± 0.015 0.101± 0.015 0.090± 0.013
log(1010As) . . . . . . . . 3.11± 0.03 3.11± 0.03 3.10± 0.03
ns . . . . . . . . . . . . . . . 1.001± 0.016 0.991± 0.015 0.976± 0.009
r . . . . . . . . . . . . . . . . 0.18± 0.04 0.18± 0.04 0.16± 0.03
GN/GR . . . . . . . . . . . 0.871± 0.045 0.905± 0.040 0.938± 0.034
TABLE II. Mean likelihood values together with the 68% confidence intervals for the usual six cosmological parameters, plus r
(the tensor-to-scalar ratio), together with the GGA parameter GN/GR. The data are as in Table I, but now including BICEP2
measurements of the B-mode CMB polarization. GR is still favoured over GA if we include HighL CMB or BAO measurements.
However, even the conventional seven parameter GR model (that includes r), is disfavoured at around the 3σ level when one
considers BICEP2, as well as Planck, and HighL data. The PPN parameter, ζ4 can be obtained through ζ4 = GR/GN − 1.
There are certainly hints of possible systematics among
the different data sets that could explain some of these
tensions. For example, the power spectrum of WMAP-
9 appears to be about 2.5% higher than Planck [27, 39],
independent of scale. Additionally, the first 30 or so mul-
tipoles appear low (in both WMAP and Planck data),
which, coupled with calibration, can affect the best fit
in the damping tail. A perhaps related issue is that the
best-fit lensing amplitude in Planck and Planck+HighL
spectra, appears to be around 20% higher than expected
in the ΛCDM model [27, 40]. Since lensing moves power
from small `s to high `s, this could also have an indirect
effect on the shape of the high-` power spectrum.
Finally, there are legitimate questions about whether
BICEP2 analysis [36] has underestimated the effect of
instrumental systematics or Galactic foregrounds (e.g.,
[41]). Decreasing the primordial amplitude of B-modes
would reduce the tension with Planck, and thus relax the
need for anomalous pressure coupling (i.e., GN < GR).
On balance it seems premature to claim that ζ4 > 0
is required by the current cosmological data. The simple
GA theory (with ζ4 = 1/3) certainly appears disfavoured
by the data. However, as the quality of the data continue
to improve, it is worth bearing in mind that the GGA
picture provides a particular degree of freedom. This
should be considered in future fits, particularly with the
upcoming release of the Planck polarization data.
V. CONCLUSIONS, AND OPEN QUESTIONS
In this paper, we have closely examined the question
of anomalous pressure coupling to gravity in cosmology.
This was done in the context of the Generalized Gravita-
tional Aether framework, which allows for an anomalous
sourcing of gravity by pressure (ζ4 in the PPN frame-
work), while not affecting other precision tests of grav-
ity. The idea would mean that the gravitational constant
during the radiation era, when p = 13ρ, is boosted to
GR = (1 + ζ4)GN, compared to the gravitational con-
stant for non-relativistic matter GN. In particular, the
case with ζ4 = 1/3 or GR = 4GN/3, can be used to de-
couple vacuum energy from gravity, and thus solve the
(old) cosmological constant problem.
We have implemented cosmological linear perturba-
tions for this theory into the code CAMB, and explored
the models that best fit different combinations of cos-
mological data. The effects are qualitatively similar to
introducing additional neutrinos (Neff), or dark radia-
tion. Our constraints are summarized in Tables I–II and
Figs. 6–7.
There is clearly some mild tension between different
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data combinations, but ζ4 = 1/3 is inconsistent with cur-
rent observations at around the 2.6-−5σ level, depend-
ing on the combination used. CMB B-mode observations
(from BICEP2) push for larger ζ4, while high resolution
CMB or baryonic acoustic oscillations, go in the opposite
direction. The best fit is in the range 0.04 . ζ4 . 0.15, or
0.87 . GN/GR . 0.96, with statistical errors of a half to
third of this range. It may be interesting to notice that
even GR (ζ4 = 0) is disfavoured at 3σ when we combine
lower resolution CMB observations.
To bring some statistical perspective, we should note
that even if the gravitational aether solution to the cos-
mological constant problem is ruled out at 5σ, the stan-
dard GR+ΛCDM paradigm, with no fine-tuning, is ruled
out at > 1060 σ! Therefore, while the first attempt at
solving the problem might not have been entirely suc-
cessful (compared to a model that takes the liberty of
fine-tuning the vacuum energy), we argue, that it may
be a step in the right direction. So, other than working
to improve the quality and consistency of observational
data, what can we do to tackle this problem, that quan-
tum fluctuations appear not to gravitate?
From the theoretical standpoint, there are several clear
avenues that we have already alluded to:
1. As we discussed in the Introduction, gravitational
aether is a classical theory for an effective low en-
ergy description of gravity. Therefore, like all effec-
tive theories, it has an energy cut-off above which
it will not be valid. In fact, the length-scale λc
(inverse energy scale) associated with this cut-off
should be λc ∼ 0.1 mm, since a smaller λc would
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not fully solve the cosmological constant problem,
while larger λc could have been seen in torsion bal-
ance tests of gravity (although it is not entirely
clear what the signature would be). It is worth
noting that the number density of baryons at CMB
last scattering is 0.33 mm−3, implying that to cal-
culate Tαα in Eq. 1, it might be necessary to use a
microscopic description of atoms interacting with
aether, as opposed to the usual mean fluid density
picture 4. If this is the case, then each microscopic
particle would carry an aether halo of size about
∼ λc; this would appear like a renormalization of
particle mass for all macroscopic gravitational ef-
fects, but otherwise (like for other vacuum tests
of gravity), the theory would be indistinguishable
from GR. Nevertheless, in lieu of a quantum the-
ory of gravitational aether, it is not clear how much
progress can be made in this direction.
2. Another possibility is to modify the simple ansatz
(2) for the energy-momentum tensor of the gravi-
tational aether, e.g., by introducing a density, ρ′.
This might be a reasonable approach if one is also
attempting to connect gravitational aether to dark
energy (which does have both density and pressure
at late times). However, Eq. 3 will no longer be
sufficient to predict the evolution of the aether,
and thus we would need another equation to fix
the aether equation of state.
3. In solving for the evolution of aether with respect
to dark matter, ω, we have assumed that the two
substances were originally comoving, i.e., ω = 0
at early times. However, depending on the pro-
cess that generates primordial scalar fluctuations
in this picture, ω could have also been sourced
in the early Universe. So, even though its ampli-
tude decays as a−1 on super-horizon scales, depend-
ing on its amplitude and spectrum, it can impact
CMB observations. This would be akin to intro-
ducing isocurvature modes, but for aether pertur-
bations. Although, since ω decays exponentially on
sub-horizon scales, this could only affect the CMB
at ` . 100.
4. Finally, we have not included the effect of neutrino
mass in our GGA treatment. Massive neutrinos
will be qualitatively different from other compo-
nents, as they start as radiation, which does not
couple to aether, but then gradually start sourc-
ing aether as they become non-relativistic. How-
ever, this happens relatively late in cosmic history,
long after CMB last-scattering, and when neutri-
nos make up only a small fraction of cosmic den-
sity. Therefore, although this would be a useful
4 The density of dark matter particles is much more model depen-
dent, but is expected to be even less than this baryon value for
conventional WIMP models
direction to pursue, we do not expect a significant
change from the analyses presented here.
In contrast to unfalsifiable approaches for solv-
ing the cosmological constant problem, such as land-
scape/multiverse ideas with anthropic arguments, the
gravitational aether concept has the very distinct advan-
tage of being predictive and hence it can be falsified.
Here, we have demonstrated this explicitly, since the ba-
sic picture does not appear to fit the current cosmological
data. However, like elsewhere in physics, the logical next
step would be to learn from this process and propose bet-
ter physical models (rather than relying on metaphysics).
We believe that the GGA approach yields a useful param-
eterization of a particular degree of freedom in models of
modified gravity, and that this idea is worth pursuing
further.
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